Background and Purpose-5Ј adenosine monophosphate-dependent protein kinase (AMPK) acts as a metabolic sensor.
S
troke is the third leading cause of death behind heart disease and cancer and now ranks as the leading cause of long-term disability in the United States. As our population ages, it is expected that the prevalence and incidence of cerebrovascular disease will continue to increase. 1 No neuroprotective agents have demonstrated benefit in clinical trials, suggesting that novel pathways and targets need to be explored. We report that adenosine monophosphate-activated kinase may play an important role in the neuronal response to ischemic stress.
Glucose and oxygen depletion after ischemia cause disruption of cell ion homeostasis, leading to increased intracellular calcium and neuronal cell death. 2 In an attempt to repair cell damage, numerous energy-consumptive pathways are activated, which may further contribute to cell death. Most recently, it has been demonstrated that manipulating the neuronal energy metabolism by altering the activity of adenosine monophosphate-activated protein kinase (AMPK) may provide neuroprotection after ischemia. 3 AMPK is a known sensor of peripheral energy balance. AMPK is activated when cellular energy supply is low as signaled by increasing intracellular adenosine monophosphate and declining adenosine triphosphate levels. Peripherally, AMPK acutely regulates cellular metabolism and chronically regulates gene expression, reducing energy utilization (fatty acid, lipid and protein biosynthesis) and increasing energy production (fatty acid oxidation). 4 -7 AMPK is a heterotrimeric protein composed of a catalytic ␣ subunit and 2 regulatory subunits, ␤ and ␥. The catalytic ␣ contains a serine/threonine protein kinase catalytic domain and exists as 2 isoforms, ␣-1 and ␣-2. The ␣-1 isoform is primarily cytoplasmic, whereas ␣-2 is predominantly nuclear and plays a role in transcriptional regulation. 8 -10 The 2 catalytic isoforms are distinct although highly homologous. Studies have indicated that AMPK ␣-2, not AMPK ␣-1, is induced under hypoxia conditions in human glioma cells. 12 Mice deficient in AMPK ␣-2 demonstrate glucose intolerance and reduced insulin sensitivity, whereas the AMPK ␣-1 null mice do not show such alterations. 13, 14 Therefore, it is becoming clear that the 2 isoforms of AMPK ␣ have different functions.
AMPK is rapidly activated in the brain in energy-deprived states such as fasting and ischemia. 4 In the periphery, activation of AMPK and its downstream pathways lead to glycolysis and fatty acid oxidation, providing adenosine triphos-phate for the energy-poor cell. However, unlike most peripheral tissue, neurons are exquisitely sensitive to even brief periods of ischemia. Neurons lack the enzymatic machinery necessary for effective glycolysis, 15, 16 and anaerobic lactate production rapidly leads to acidosis. Pharmacological inhibition of AMPK using either the selective inhibitor Compound C or C75, a fatty acid synthase inhibitor that modulates neuronal adenosine triphosphate levels, 17 provided neuroprotection. 3 However, pharmacological studies must be interpreted with caution, because unexpected, nonselective effects are possible. The limitations of pharmacological studies of AMPK have been recently highlighted. 18 After cerebral ischemia, neuronal cell death can occur through necrosis, apoptosis, or a combination of mechanisms. 19 Because apoptosis is an energy-dependent process, inhibition of AMPK may only delay cell death. Additionally, these agents have previously only been evaluated when given before the ischemic insult. As noted by the Stroke Therapy Academic Industry Roundtable (STAIR), stringent and complete animal studies are required if we are to identify the most promising neuroprotective targets for translation to clinical studies. Therefore, in this study, we examined the effects of postischemic inhibition of AMPK, evaluated behavioral outcomes, and used genetic models of AMPK deficiency to further evaluate the link between AMPK and neuroprotection. We hypothesized that AMPK inhibition, whether through pharmacological inhibition or genetic deletion, would lead to neuroprotection.
Methods

Adenosine Monophosphate-Dependent Protein Kinase Mice
The present study was conducted in accordance with National Institutes of Health guidelines for the care and use of animals in research and under protocols approved by the Center for Laboratory Animal Care of University of Connecticut Health Center. The AMPK ␣-1 and AMPK ␣-2 knockout mice were bred in-house from strains previously described (AMPK ␣-1 background mice were C57Bl6/129 and AMPK ␣-2 mice were C57Bl6). 12, 20 All genetically modified mice were compared with their appropriate wild-type littermates. All studies used male animals age-and weight-matched (21 to 25 g, 10 to 12 weeks of age).
Animal Genotyping
Genotypes of the knockout mice were determined by polymerase chain reaction as previously described 13, 14, 20 for primers.
Compound C and C75 Treatments
Compound C ((6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyyrazolo [1,5-a] pyrimidine; 20 mg/kg) was dissolved in distilled water and was administered intraperitoneally to the wild-type or AMPK ␣-2-deficient mice at the onset or 2 hours after the onset of stroke, depending on the individual experiment. 21 C75 (3-carboxy-4-octyl-2-methylenebutyrolactone) was dissolved in RPMI medium (Roswell Park Memorial Institute medium) and injected intraperitoneally to wild-type mice at the onset or 2 hours after the onset of stroke. 22 The dose volume for every compound was 0.2 mL per 20 g body weight as previously described. 3 
Focal Cerebral Ischemia Model
Focal transient cerebral ischemia was induced in AMPK-null mice or background-matched wild-type littermates for 90 minutes followed by reperfusion as described previously. 3, 23, 24 In separate nonsurvival cohorts of AMPK ␣-1 and ␣-2 knockout mice (nϭ4 per group), femoral arterial blood pressure and physiological measurements, including blood pH, PO 2 , PCO 2 , and blood glucose, were obtained. Cortical perfusion using laser Doppler flowmetry was evaluated throughout middle cerebral artery occlusion (MCAO) and early reperfusion as described previously. 3, 23 
Behavioral Scoring
Neurological deficits were scored at 24 or 72 hours or 7 days poststroke. The score system was as follows: 0, no deficit; 1, forelimb weakness and torso turning to the ipsilateral side when held by the tail; 2, circling to affected side; 3, unable to bear weight on the affected side; and 4, no spontaneous locomotor activity.
Histological Assessment
At 24 hours, 72 hours, or 7 days after stroke, the mice were euthanized and the brains were removed and cut into 5 2-mm slices. The slices were stained with 1.5% 2,3,5-triphenyltetrazolium solution at 37°C for 30 minutes. The stained slices were fixed with formalin (4%), images were digitalized, and the infarct volumes (corrected for edema) were analyzed using computer software (Sigmascan Pro5) as previously described. 23 
Western Blots
Western blots were done as described previously. 3 Brains were homogenized using lysis buffer and protein was loaded on a 4% to 15% gradient sodium dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. AMPK, p-AMPK, and p-LKB1 (Thr189) were detected using corresponding antibodies from cell signaling (1:1000). ␤-actin (1:5000; Sigma) was used as the loading control. All blots were incubated overnight in primary antibody at 4°C in Tris-buffered saline buffer containing 4% bovine serum albumin and 0.1% Triton X-100. The secondary antibodies (goat anti-rabbit IgG1:5,000 for pLKB1, AMPK, and p-AMPK; Chemicon) were diluted and the ECL (pico) detection kit (Amersham Biosciences) was used for signal detection.
Statistics
Data from individual experiments were presented as meanϮSE of mean. One-way analysis of variance (with Tukey post hoc correction, when appropriate) was used for the comparison of the means between the experimental groups except the neurological deficit scores, which were done by Mann-Whitney U test. PϽ0.05 was considered statistically significant. Behavioral and histological assessments were done by an investigator blinded to genotype/ drug treatment.
Results
Stroke Outcome in Adenosine Monophosphate-Dependent Protein Kinase ␣-1 and Adenosine Monophosphate-Dependent Protein Kinase ␣-2 Knockout Mice
To determine whether the 2 isoforms of AMPK catalytic subunit play a different role in cerebral ischemia, stroke outcomes in AMPK ␣-1 knockout, ␣-2 knockout, or matched wild-type littermate controls were determined. AMPK ␣-2 mice (nϭ12) demonstrated significantly smaller cortical, striatal, and total (knockout 36.1Ϯ2.2% versus wild-type 47.7Ϯ2.7%, PϽ0.05) infarct volumes compared with wildtype mice (nϭ10; Figure 1A ). There was no difference in the stroke outcome between AMPK ␣-1 knockout mice (nϭ9) and wild-type littermates (nϭ11) in total, cortical, or striatal infarct volume ( Figure 1B) .
No differences in mean arterial pressure, pH, pO 2 , pCO 2 , or blood glucose were seen between the AMPK ␣-1/␣-2 and their corresponding wild-type controls (Table 1) . Laser Doppler flow was equivalently reduced during ischemia (10.9Ϯ0.54% in AMPK ␣-2 knockout versus 11.5Ϯ0.55% in wild-type, nϭ4/gp) and was restored equally in early reperfusion (80.1%Ϯ4.9% in AMPK ␣-2 knockout versus 83.6%Ϯ7.3% in wild-type, nϭ4/gp) as was laser Doppler flow in AMPK ␣-1 knockout and wild-type littermates (Table 2) .
Compound Treatment C Led to Sustained Neuroprotection
To evaluate if AMPK inhibition provides sustained neuroprotection, we assessed ischemic damage at 72 hours after cerebral ischemia. Because our previous work demonstrating robust neuroprotection with AMPK inhibition was done with a longer ischemic time (2 hours 3 ), we also evaluated the effect of Compound C given at the onset of ischemia 24 hours after stroke using a 90-minute ischemic insult. Treatment with Compound C led to significant neuroprotection after stroke at both 24 (PϽ0.05 nϭ7/gp; Table 3 ) and 72 hours compared with vehicle-treated mice (PϽ0.05 nϭ8; Table 3 ). These improvements were reflected in improved behavior scores in Compound C-treated MCAO mice at both 24 hours and 72 hours (Table 3) .
Delayed Administration of Compound C or C75 Reduced Stroke Damage
To assess if AMPK inhibition using Compound C or C75 protects when administered after stroke, Compound C or C75 (10 mg/kg or 20 mg/kg) was injected 2 hours after ischemia and outcome was evaluated at 24 hours. To evaluate if delayed administration of C75 is neuroprotective in longer survival models, we also assessed the stroke outcome at 72 There were no significant differences between the AMPK-null mice and their corresponding wild-type controls. The physiological parameters were measured before and 30 minutes after MCAO.
KO, knockout; WT, wild-type. hours and 7 days after stroke (first dose 20 mg/kg at 2 hours, second dose 5 mg/kg at 24 hours, and 5 mg/kg at 48 hours after the onset of stroke). Delaying administration of Compound C (nϭ7) attenuated its neuroprotective effect, because only a reduction in cortical infarct volume was seen (nϭ9; Figure 2A ). Poststroke administration of C75 (20 mg/kg; nϭ7) significantly reduced the total as well as the cortical infarct volumes compared with the vehicle-treated group (nϭ6, PϽ0.05; Figure 2B ), demonstrating a more potent effect of C75 in this model. The neuroprotection was also seen at a lower dose of C75 (10 mg/kg; nϭ10), which significantly reduced the total infarct volumes (nϭ10/gp, PϽ0.05; Figure 2C ). Delayed administration of C75 (nϭ8) with daily treatment also significantly decreased the cortical, striatal, and total infarct at 72 hours after stroke compared with vehicle control (nϭ8, PϽ0.05; Figure 2D ). The neuroprotection of C75 (nϭ7) administrated poststroke was still seen at day 7 as it reduced cortical, striatal, and total infarct volume compared with vehicle-treated control (nϭ6, PϽ0.05; Figure 2E ).
The Neuroprotective Effect of Compound C Is Attenuated in Adenosine MonophosphateDependent Protein Kinase ␣-2 Mice
To further investigate the role of AMPK ␣-2 in stroke, the effect of Compound C was also studied in AMPK ␣-2 knockout mice. If AMPK ␣-2 contributes to the AMPK toxicity in ischemia, Compound C would lose, at least in part, its effect in the knockout mice. In AMPK ␣-2 knockout mice, Compound C (nϭ9) did not reduce the infarct volumes when compared with the vehicle-treated knockout mice (nϭ8; Figure 3 ).
Examination of an Upstream Activator of Adenosine Monophosphate-Dependent Protein Kinase, LKB1
To further explore the AMPK system, we also assessed the expression/activation of one of the major regulators of AMPK, LKB-1, which is activated by rising levels of adenosine monophosphate. 6 Elevations in p-AMPK and p-LKB1 were seen in the stroke brain 2 hours after MCAO (lanes 1 and 2 in Figures 4A and 3B ) in both the ipsilateral and contralateral hemisphere with minimal changes seen in sham brain. As we have shown previously, p-AMPK levels begin to decline 24 hours after stroke (lanes 1 and 2 in Figures 4C and 4D ), an effect that is enhanced with C75 treatment (lanes 5 and 6 in Figures 4C and 4D ). p-LKB1 levels decline in vehicle-treated animals at 24 hours, but remain slightly elevated in C75-treated mice (lanes 5 and 6 in Figures 4C and 4D ).
Discussion
This study has several important findings. First, we confirm that inhibition of AMPK in the ischemic brain is beneficial. Second, the neuroprotection seen with AMPK inhibition is sustained for at least 1 week postinfarct. Third, continued neuroprotection is seen even after delayed administration of Compound C and C75. Finally, we demonstrate a significant role for AMPK ␣-2 isoform in the detrimental response of AMPK activation in ischemic brain, as deletion of this isoform leads to neuroprotection. The combination of pharmacological and genetic methods for inhibiting AMPK activity, combined with the use of relevant in vivo models of ischemia-reperfusion, strongly support our hypothesis that AMPK inactivation in the setting of ischemia is neuroprotective. AMPK is a known regulator of cellular energy that functions to monitor cell-intrinsic processes that convey energy homeostasis. [5] [6] [7] The discovery that the hypothalamus expressed high levels of AMPK, especially in nuclei that regulate energy balance and food intake 17 positioned AMPK to also serve as a central nervous system sensor of organismal energy balance. Hypothalamic AMPK was also shown to respond to the peripheral adiposity signal, leptin, with alterations in food intake. 25 This role in the regulation of energy balance suggested that AMPK may play a more global role in the regulation of energy balance in the central nervous system during severe or pathological energy challenge, like in ischemia.
The consequence of AMPK activation after stress is complex. We have previously shown that AMPK is activated in the mouse brain after MCAO in mice and in hippocampal slice cultures subjected to 2 hours of oxygen glucose deprivation in vitro. 3 Pharmacological inhibition of the AMPK provided neuroprotection, whereas its activation exacerbated stroke outcome after MCAO. However, there are numerous reports that suggest that AMPK activation may be beneficial under conditions of metabolic stress in peripheral tissues such as the heart, 26,27 but the action of AMPK appears to be dependent on cell type and the metabolic milieu. 28 For example, deletion of the AMPK␣-2 isoform had no effect on cardiac function in vivo during normoxic conditions; however, ischemia-induced contracture occurred more rapidly in isolated perfused hearts from AMPK ␣-2-deficient mice. This was associated with decreased adenosine triphosphate and glycogen content and a reduction in lactate production.
Despite this apparently "poor" metabolic adaptation during ischemia, AMPK ␣-2-deficient hearts recovered as well as wild-type hearts, suggesting that changes in reperfusion and long-term outcomes need to be assessed in these studies. 27 The effect of AMPK on neuronal metabolism is even less understood. In contrast to our findings, one study in cultured hippocampal neurons suggested a beneficial effect of AMPK activation after metabolic stress. 29 Most recently, in a focal rat MCAO model, phosphodependent functional modulation of the GABA(B) receptor by AMPK 30 led to an enhancement of slow synaptic inhibition by activating inwardly rectifying K(ϩ) channels. This was hypothesized to be a protective response to injury, although ischemia-induced phosphorylation of GABA was seen primarily in the CA3 and dentate gyrus. The majority of damage after MCAO is in the cortex and striatum, not the hippocampus. In these structures, a dramatic downregulation of staining was seen, 30 suggesting that AMPK-mediated GABA receptor activation occurs at sites distant from the ischemic damage.
To confirm our pharmacological data and determine the importance of each ␣ isoform, 8, 10 we looked at the infarct volumes of the AMPK ␣-1-and ␣-2-null mice. AMPK ␣-2-null mice were modestly protected after stroke, whereas AMPK ␣-1-null mice were not. Thus, AMPK ␣-2 plays a distinctive role in response to stroke and contributes to the neurotoxicity of the overactivation of AMPK. The reduction of the infarct volume, however, is less than that seen with pharmacological inhibitors in wild-type mice. Besides the catalytic ␣ subunit, AMPK also has 2 regulatory subunits, ␤ and ␥. 6, 11 One explanation could be that the 2 regulatory subunits may also contribute to cell damage in stroke through an unknown mechanism such that a pan-AMPK inhibitor such as Compound C could afford more protection than the deletion of one of the AMPK ␣ isoform genes. Another possibility is that the pharmacological inhibitors may have other sites of action that result in neuroprotection in addition to their effect on AMPK; this is especially likely in the case of C75, which has actions on other metabolic pathways. 17 When evaluating neuroprotection studies, concerns exist when the damage is evaluated at a short time point (ie, 22 hours). The present study shows that treatment with Compound C leads to continued neuroprotection at 72 hours. The reduction in infarct volume was more modest than at 24 hours, which likely represents the single dosing regimen used (t1/2ϭ12 to 15 hours). Repeated dosing for the first 48 hours may increase the protective effect. This is suggested by our data using a repeated dosing regimen of C75 (first dose 20 mg/kg at 2 hours, second dose 5 mg/kg at 24 hours, and 5 mg/kg at 48 hours after the onset of stroke), which demonstrated neuroprotection at both 72 hours and 7 days. We also examined the effect of delayed administration of Compound C or C75. Delaying the administration of Compound C led to a reduction in its neuroprotective potential, although a modest yet significant reduction in cortical infarction was still seen. In contrast, delayed administration of C75 at 20 mg/kg or 10 mg/kg dose-dependently decreased the total infarct volumes.
Our Western data suggest that the "signal" for activation of both AMPK and its upstream regulator, LKB1, is transmitted globally throughout the brain as robust contralateral increases in p-AMPK and p-LKB1 are seen in our model. Although focal stroke involves a discrete area of brain, compensatory mechanisms, including changes in cerebral blood flow and metabolic demand occur in areas far removed from the ischemic "core" as we have described previously. 3 C75 treatment had no effect on p-AMPK at 2 hours ( Figures 4A  and 4B ), yet C75 treatment reduced p-AMPK levels at 24 hours ( Figures 4C and 4D) , suggesting a sustained effect of treatment. Most importantly, a dramatic increase in pLKB1 was seen in the ischemic brain, a finding that has not been previously reported. LKB-1 may be the key regulator of AMPK under pathological conditions, 19, 31 and our findings imply that it is major contributor to stroke-induced increases in p-AMPK. Further studies will investigate the contributions of the 2 major upstream regulators of p-AMPK, LKB1 and CaMKK ␤, to stroke outcome. 32 In summary, our results collectively confirm that activation of AMPK is detrimental in stroke and that it is the ␣-2 AMPK catalytic isoform, not ␣-1, that leads to the deleterious effect of AMPK activation in of acute stroke. The use of AMPK knockout mouse models further strengthen our results and clearly shows that AMPK activation is detrimental in the ischemic brain. Pharmacological AMPK inhibition reduced stroke damage even when administered poststroke, suggesting that manipulation of the AMPK pathway may provide a novel approach for the treatment of stroke.
